Climatic fluctuations during the Pleistocene are usually considered as a significant factor in shaping intraspecific genetic variation and influencing demographic histories. To well-understand these processes in desert northwest China, we selected arid adapted Atraphaxis frutescens as the study species. Two cpDNA regions (psbK-psbI, psbB-psbH) were sequenced in 272 individuals from 33 natural populations across the range of this shrub, and 10 haplotypes were identified. It was found to contain high levels of total gene diversity (H T = 0.858), and low levels of within-population diversity (H S = 0.092). Analysis of molecular variance (AMOVA) indicates that genetic differentiation primarily occurs among groups of populations. Based on BEAST (Bayesian Evolutionary Analysis Sampling Trees) analysis, we suggest that intraspecific differentiation of the species, resulting from isolated populations, accompanied enhanced desertification during the middle and late Pleistocene. The expansion of the Gurbantunggut and Kumtag deserts in this area appears to have triggered divergence among populations of the western, central, and eastern portions of the region and shaped genetic differentiation among them. Two possible independent glacial refugia were predicted, the Ili Valley and the northern Junggar Basin. Extensive development of arid habitats (desert margin and arid piedmont grassland) coupled with a more equable climate because the early Holocene are factors likely to have generated recent expansion of A. frutescens.
To understand relationships between the evolutionary processes of biological diversification and specific climatic history is a central and long-term goal in evolutionary biogeography. These have been fruitfully described in recent decades using the combined approach of molecular data and paleoclimatic and geographic evidence (Hewitt 2000 (Hewitt 2004 Qiu et al. 2011; Liu et al. 2012; Salvi et al. 2014) . It has become evident that Pleistocene climatic oscillations have strongly affected genetic variation and biodiversity patterns (Hewitt 2000) . During glaciations, species in ice free temperate areas were influenced primarily by cold-dry climates (Willis and Niklas 2004) . The distributions of many species in such environments became fragmented due to enhanced aridification, resulting in the origin of allopatric divergence among populations and the likelihood of speciation and intraspecific differentiation (Wang et al. 2013) . Climatic oscillations shaped cycles of contraction and expansion of species distributions (Bennett et al. 1991; Williams et al. 1998; Hewitt 2004; Schmitt 2007; Salvi et al. 2014; Taberlet et al. 1998) , and during glacial periods, cold and arid climates promoted species retreat to refugial locations, which provided havens for the survival of plants and animals (Shen et al. 2002; Provan and Bennet 2008) . With return to milder conditions at the onset of inter-and postglacial intervals, demographic expansion and recolonization were experienced (Hewitt 2000) .
In the region of northwestern China, the phylogeographic history of plant species appears to depict responses to similar paleogeographic processes (Meng et al. 2014) . However, the accumulation of information regarding details within this region is still quite meager (Qiu et al. 2011) . Aridification has been amplified because the early Miocene by the effects of expansion of the Qinghai-Tibet Plateau (QTP; Clark et al. 2005; Li et al. 2009 ) and uplift of mountain ranges (Sun et al. 2004) , as well as global cooling. In the Quaternary glacial periods, increasing aridification promoted rapid expansion of preexisting deserts (Meng and Zhang 2011) , which played an important role in speciation and genetic differentiation of the widespread arid land vegetation (Bennett 2004; Futuyma 2010) . Ma et al. (2012a) considered the spatial genetic structure of Gymnocarpos przewalskii to have been profoundly influenced by past fragmentation concomitant with the expansion of deserts in the Quaternary. Meng and Zhang (2011) proposed the Helan Mountains as the center of diversification of Lagochilus ilicifolius, and found that the current distribution of the species was shaped by climatic fluctuations, aridification, and desert expansion.
As an exemplary arid-adapted shrub species of northwestern China, Atraphaxis frutescens offers an optimal case to investigate evolutionary processes in response to the Quaternary climate oscillations. It is distributed in areas of moderately severe aridity, characterized by low annual precipitation and high evaporation (Dang et al. 2001) , primarily in semidesert steppe and stony or gravelly hillsides. It plays an important role in reducing sand erosion and delaying desertification.
In this study, we investigated the intraspecific differentiation and demographic history of A. frutescens using sequences of 2 chloroplast (cp) DNA regions (psbK-psbI and psbB-psbH). CpDNA is maternally inherited in most flowering plants (Clegg et al. 1994 ) and has the merits of slow evolution (Wolfe et al. 1987 ) and lack of recombination (Comes and Kadereit 1998) . CpDNA lineages can show distinct geographic distributions and evolutionary history in natural populations, and have been widely employed in phylogeographic studies (Avise 2000; Dutech et al. 2000) . The primary purposes of the this study were: 1) to resolve the spatial genetic structure and intraspecific differentiation of A. frutescens based on cpDNA sequence variations, 2) to identify potential glacial refugia, and 3) to infer the demographic history of the species under climatic fluctuations and desert expansion in the Quaternary.
Material and Methods

Population Sampling
The distribution of A. frutescens was ascertained through field collections and databases of herbarium records. Leaf materials were collected from 272 individuals in 33 natural populations (Table 1; Figure 1 ) covering most of the geographic extent of the species in northwestern China. Three to 19 individuals were sampled in each population for detection of cpDNA sequence variations. All leaf materials were dried in silica gel. We also collected specimens as evidence for each population, stored in the Herbarium of the Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences (XJBI). We have deposited the primary data underlying these analyses with Dryad following data archiving guidelines (Baker 2013) .
Laboratory Procedures
Genomic DNA was extracted from approximately 100 mg of silica-dried leaf material using a modified cetyltrimethyl ammonium bromide (CTAB) extraction method (Rogers and Bendich 1985; Doyle and Doyle 1987) . The intergenic spacers psbK-psbI and psbB-psbH (Wen et al. 2010) were selected for their high levels of variation and excellent success ratio in amplification and sequencing. Polymerase chain reaction (PCR) amplification was implemented in a 30 µL volume containing 2 µM MgCl 2 , 200 µM dNTP, 2 µM of each primer, and 0.75 units of Taq polymerase. The cycling procedures of the reaction were as follows: initial denaturation at 94 ºC for 5 min, followed by 32 cycles of 45 s at 94 ºC, 30 s at 52 ºC, 90 s at 72 ºC, and a final elongation at 72 ºC for 8 min . The PCR products were purified using the PCR product purification kit (Qiagen), following the recommended protocol and then sequenced using an ABI 3730 automated sequencer by Shanghai SBS, Biotech Ltd., China. Sample sequences were edited in Seqman (Lasergene, DNASTAR Inc., Madison, Wisconsin, USA), and aligned using the CLUSTAL_W program (Thompson et al. 1994) . Finally, we checked manually to ensure the accuracy of the haplotypes. All obtained sequences were deposited in NCBI GenBank databases (accession numbers KM452785-KM452792 for psbK-psbI and KM452793-KM452796 for psbB-psbH).
Genetic Structure Analyses
Population genetic diversity was described with indices of polymorphic sites (S), nucleotide diversity (π), and haplotype diversity (H), using the program ARLEQUIN 3.11 (Excoffier et al. 2005) , among species, populations, and groups. Molecular variance analyses (AMOVA) was also employed to investigate genetic differentiation with ARLEQUIN. This analysis was based on a population subdivision analysis performed by SAMOVA version 1.0 (Dupanloup et al. 2002) . The SAMOVA program applied a simulated annealing approach to subdivision, on the principle of geographically homogeneity, and maximally differentiates between defined groups (K). The program was run for 10 000 iterations at the range of 2 ≤ K ≤ 20, and a F CT value was given at each passage. The subdivision structure was determined when the maximum value of F CT was given and at least 2 populations were included for each group (Iwasaki et al. 2012; Zhang et al. 2013 ). The Permut version 1.0 program was used to calculate 4 parameters, including population differentiation (G ST , N ST ) and genetic diversity(H S , H T ) with 10 000 permutations. The parameters of G ST and N ST could then be used to test the presence of phylogeographic structure. In addition, to examine the relationship among total haplotypes, a median-joining network was calculated using the Network version 4.6 (Bandelt et al. 1999) .
Phylogenetic Divergence Time Estimation
To obtain the estimated divergence time of each haplotype, Bayesian analysis was implemented with the software BEAST (Bayesian Evolutionary Analysis Sampling Trees; Drummond et al. 2002; Drummond and Rambaut 2007) . Fagopyrum esculentum was selected as outgroup in the analysis due to its close relationship. The total chloroplast genome of F. esculentum has been determined and is available in NCBI (GenBank accession number EU254477). The GTR substitution model and Gamma site heterogeneity model were selected by MODELTEST. In the Bayesian analysis, each indel was regard as a single mutation event and coded as a substitution (Simmons and Ochoterena 2000) . Although neither fossil records nor substitution rates were available for A. frutescens, the substitution rate of divergence for cpDNA is on the order of 0.0011-0.0029 substitutions per site per Ma (0.22-0.58%) without selective pressures (Wolfe et al. 1987; Meng and Zhang 2011) . Thus, we used the range (0.22-0.58% Ma −1 ) for the species to estimate divergence time. In this analysis, a Markov chain Monte Carlo (MCMC) approach was used and the MCMC was run for 10 000 000 generations and sampled every 1000 generations. The Bayes Factor (BF) was used to check for convergence of MCMC and the effective sample sizes (ESS) of each parameter higher than 200, after the first 10% of generations had been discarded as burn-in. This method was implemented by Tracer version 1.4 (Drummond and Rambaut 2007) . To evaluate clade support values, BI analyses were carried out in MrBayes 3.2 (Ronquist et al. 2012) . The GTR substitution model and Gamma site heterogeneity model was also used and 1000 replicates of bootstrap analysis were performed. A MCMC was run for 10 000 000 generations. The result is shown in Figure 3 .
Demographic History Analysis
Paleoclimatic and paleogeologic events may have affected spatial geographical patterns by expansion or constriction of populations. To test whether A. frutescens underwent recent expansion, we adopted mismatch distribution analysis for all haplotypes, as well as groups identified from the SAMOVA analysis, using Arlequin version 3.11 (Excoffier et al. 2005) . A unimodal shape of the mismatch distribution indicates that populations experienced recent expansion, whereas stable populations have a bi-or mutimodal result. In addition, the methods of Tajima's D (Tajima 1989 ) and Fu's Fs test (Fu and Li 1993) were implemented in Arlequin, also to evidence recent demographic expansion.
To obtain a visual estimate of changes in geographic distribution, distribution modeling (SDM) was carried for the last glacial maximum (LGM; 21 ka before present) and present day, using MAXENT version 3.3.3 (Phillips et al. 2006 ). The species' distribution points and geographical information are shown in Table 1 . To estimate current potential distributions, the climatic niche with 19 bioclimatic variables from the WordlClim database (Hijmans et al. 2005 ) was used. For the LGM, the Model for Interdisciplinary Research on Climate (MIROC) was employed. In order to avoid high intercorrelations and over-fitting among variables, we used principal component analysis (PCA) for bioclimatic variables (bio1-bio19), and extracted 4 principal components explaining 91.268% of total variation. In each principal component, variables (bio1-bio19) with high rate of contribution (>60%) were selected. Then, collinearity was examined through a Pearson correlation matrix and subsets of variables with a high average correlation (>90%) were reduced to a single variable (Ward 2007) . At last, 8 remaining bioclimatic variables were used to model the species distributions (Supplementary Tables 1-Table 4 online). These 8 variables included isothermality (bio3), temperature seasonality (bio4), max temperature of warmest month (bio5), min temperature of coldest month (bio6), mean temperature of the wettest quarter (bio8), annual precipitation (bio12), precipitation of the driest month (bio14), and precipitation seasonality (bio15). In order to obtained an optimal result, the input parameters chosen were, percentage of test sample = 25%, number of replicates = 10, and regularization multiplier = 1.
Results
Sequence Characteristics and Haplotype Distributions
The psbK-psbI and psbB-psbH regions had lengths of 424 and 588 bp; they were combined into 1 sequence for analysis. Based on the combined sequence, 28 polymorphic sites were detected, including 10 nucleotide substitutions and 19 indels (Table 2) . Ten different haplotypes (H1-H10) were identified; the distribution and frequency of each haplotype is presented in Figure 1 and Table 1. In the median-joining network analysis, 17 deletion events in H8 (variable sites 357-373 in Table 2 ) and 2 insertion events in H5 (variable sites 932-933 in Table 2 ) are regarded as one mutation event, respectively. The network result is shown in Figure 1 . We subdivided the distribution range into 3 geographical regions (Eastern region, Central region, and Western region), because these regions have obvious differences in genetic structure and geographic patterns. No sharing of haplotypes was discovered among any of the 3 regions. Obvious geographic isolation exists among the 3 regions (e.g., the western part of the Gurbantunggut desert separates the western and central region, and the Kumtag desert separates the central and eastern regions). We have delineated these 3 regions and included populations in Figure 2 and Table 1 . The haplotype H1 was predominately distributed in the Eastern region (6 populations) and haplotype H2 was widely scattered in the Central region (7 populations). The Western region was complex, with numerous haplotypes (8 haplotypes, 20 populations). H9, which was present in 7 populations, was the most widespread haplotype, while H8 was the most frequent, included in 8 populations. There is an intriguing parallel between the Ili Valley and the northern edge of the Junggar Basin, which occupy small areas but contain half of the total haplotypes: H3, H4, H5, H6, and H7 in the Ili Valley, and H3, H5, H8, H9, and H10 in the northern Junggar. Among these haplotypes, H6 and H7 were unique to Ili Valley and H10 to the northern Junggar.
Genetic Structure
At the species level, indices of haplotype (H) and nucleotide diversity (π) are presented in Table 1 . Total genetic diversity (H T ) was 0.858 (±0.0222), but within-population diversity (H S ) was 0.092 (±0.0351), indicating high population diversity across the species' distributional range. Total N ST was 0.916 (±0.0516), which is moderately higher than G ST (0.893 ± 0.0396), demonstrating that phylogeographic structure exists. From the spatial genetic analysis with SAMOVA, the maximal value of F CT was determined as 0.8128 (K = 6). Subdivision groups were 1) JYG, YM, YMD, AXG, NMH, DL; 2) KT, SW, TKX, SHZ, MNS, HYC, DLK; 3) HLHY, ARLM, AKS, WQX, WQD, YC, 181T, BRJ; 4) ALS, YMX, FYK, YMT, FY, TCGM; 5) GL, XEH; 6) NLK, YN, TKS, and WQN. The AMOVA analysis demonstrates that remarkably, 90.15% of the total variation occurs among groups, and 3.48 and 6.36% among populations within groups, and within populations, respectively. We also obtained values of F SC (0.354), F ST (0.936), and F CT (0.902) from AMOVA (Table 3) . These results indicate that differentiation occurring among groups is the primary component of total genetic diversity.
Divergence Time Estimates
Based on the Bayesian analysis, we obtained an evolutionary tree containing information on the genetic relationships and divergence times of the haplotypes. In this tree, A. frutescens is shown to be monophyletic, and the estimated divergence time from the outgroup (Fagopyrum esculentum) is estimated at 8.54-22.77 Ma (Miocene). Haplotypes 1, 2, 3, 4, 5, and 8 clustered into clade 1, and haplotypes 6, 7, 9, and 10 were also well clustered in clade 2. Divergence time among the ten different haplotypes was estimated at between 1.38 and 0.06 Ma (Figure 3) , consistent with the middle to late Pleistocene during a period of strong climate oscillations and expansion of aridification in northwestern China (Comes and Kadereit 1998) .
Demographic Analysis
The result of mismatch distribution for haplotypes over all populations was clearly bimodal, not indicating a sudden expansion (Figure 4 ), which was corroborated by positive and nonsignificant Tajima's D and Fu's Fs tests (D = 0.473, Fs = 13.826, P > 0.05). SAMOVA group 1 also had bimodal mismatch distribution not indicative of a recent expansion ( Figure 4 ). As SAMOVA groups 3, 4, and 6 only have a single haplotype, they did not qualify for demographic analysis. However, within SAMOVA groups (2) and (5), expansion was evidenced by unimodal mismatch shapes (Figure 4 ). Through 10 replicate runs of SDM, a high AUC (Area Under the Receiver Operating Characteristic Curve) value (0.997) was obtained; the estimated current and past distributions are shown in Figure 5 . The current potential distribution of A. frutescens includes the Junggar Basin, Ili valley, the western border of the Tarim Basin, and the Hami Basin, Hexi Corridor, and Qaidam Basin, coinciding well with the species' extant distribution ( Figure 5A ). By contrast, the predicted distribution for the LGM ( Figure 5B ) is obviously reduced from that of the present.
Discussion
Genetic Diversity and Genetic Structure of A. frutescens
In this study, our results revealed significant genetic structure for A. frutescens (Figure 1; Table 3 ), and the level of total gene diversity (H T = 0.858) was high across all populations; in contrast, the level of diversity (H S = 0.092) was low within populations. Similar genetic characteristics have for Atraphaxis frutescens in northwestern China. SAMOVA groups are represented by the colors pink (group 1), blue (group 2), green (group 3), yellow (group 4), red (group 5), and black (group 6). The Eastern, Central, and Western geographic regions are delineated by green, red, and black closed curves.
been found for several other arid-adapted species of northwestern China, such as Nitraria sphaerocarpa (Su and Zhang 2013) , Lagochilus (Meng and Zhang 2013) , and Reaumuria soongarica (Li et al. 2012) . In northwestern China, arid land plants grow in habitats under strong drought conditions, including deserts, sandy regions, and semidesert grasslands. These conditions restrict the dispersal capacity of seed dispersers, and seed flow is confined to short distances. Thus, we suggest that these conditions compel arid land plants having similar dispersal mechanisms to develop low within-population and high among-population genetic diversity in this region. Expansion of the ancient deserts during Pleistocene climate oscillations, and geological events (e.g., uplift of the Tianshan Mountains) (Guo et al. 1999 ) might have promoted this genetic variation (Su and Zhang 2013) . AMOVA and SAMOVA analysis showed that genetic differentiation in A. frutescens was high among groups but low within populations, suggesting that seed flow was not restricted within populations, but strongly limited among groups.
Although A. frutescens is in general an arid-adapted species, its habitats are not the most extremely arid desert interiors, but somewhat more moderate sites. Especially, the periphery of numerous oases in northwest China provides many habitats because of relatively increased soil moisture. For this reason, expansion of the deserts would have restricted the distribution and hence movement of pollen and seed of this species. Further, the seeds are clumped, and retained together until germination, and their dispersal is constrained by gravity and mostly confined to short distances (Meng and Zhang 2013) . Thus, potential barriers to gene flow are numerous for
Present day
LGM A. frutescens, probably contributing to the high gene differentiation among groups.
Interestingly, different levels of genetic variation were detected among the eastern, central, and western regions (Table 1) ; the western showed more haplotypes and higher genetic diversity, whereas the central and eastern displayed relative genetic homogeneity. The diversity of the western could have been the result of the existence of Pleistocene refugia in that region. An ancestral haplotype is one identified as occupying a central position linking to others in a haplotype network (Crandall and Templeton 1993) . Thus, from the haplotype network, haplotype H3 is regarded as an ancestral haplotype. This ancient haplotype were evidently preserved in the western region, where loss of diversity was much less during the changing climate (Ge et al. 2003 ). In the absence of similar protection, populations in the eastern and central regions must have suffered devastating effects and undergone 1 or more bottlenecks. As a result, most of the ancient haplotypes appear to have disappeared from these populations.
Pleistocene Intraspecific Divergence
Intraspecific divergence of plant populations reflects the interactions of several processes, including shifts in distribution, habitat fragmentation, and population isolation, as well as mutation, gene flow and selection (Schaal et al. 1998 ). There are many known phylogeographic studies in terms of divergence time. For example, Myricaria plants, distributed in and around the QTP. A Bayesian chronology for the species suggests that the main ancestral divergence events occurred during the Late Pliocene and Early Pleistocene, which is in accordance with the period of rapid uplift of mountains in the QTP region. The consistency between estimated divergence time and the geological events suggest that mixed "mountain effects" forced rapid genetic divergence and speciation of Myricaria plants (Liu et al. 2009 ). For A. frutescens, based on the BEAST analysis of the 2 cpDNA sequences, divergence among the 10 different haplotypes was estimated at between 1.38 and 0.06 Ma ago. These divergence times also imply that intraspecific differentiation within A. frutescens occurred in the middle to late Pleistocene. Although applicable fossil records are largely wanting, our estimated timescale of genetic divergence is in accordance with geological and climate scenarios for this geographic area. The middle to late Pleistocene climate of northwestern China featured cycles of cold-dry glacial and warm-humid interglacial intervals. The enhancement of cold and dry conditions promoted the development of aridity (e.g., enlargement of the Taklamakan and Gurbantunggut deserts), which may have caused habitat fragmentation and population isolation. For A. frutescens, the increase of desertification coupled with population isolation during the period may have acted as an effective factor promoting allopatric or parapatric divergence (Wang et al. 2013 ), leading to intraspecific differentiation.
As mentioned, no sharing of haplotypes was observed among the 3 distribution regions (eastern, central, and western; Figure 1 ; Table 1 ). This result could be related to specific paleoclimatic and paleogeologic events. We suggest that the regional genetic differentiation of the species resulted mainly from geographic isolation formed by the development of the large deserts in late Pleistocene, as well as from habitat fragmentation induced by climate oscillations (Chen et al. 2005) . The enlargement of the Gurbantunggut desert separates the western from the central region (Sun et al. 1998) , and would create a large barrier to gene flow and spread of seeds, likely causing intensive isolation between the 2 regions. Similarly, the expansion of the Kumtag desert appears to have effectively prevented gene flow between the central and eastern regions.
Potentially Two Glacial Refugia
During the Pleistocene, conditions in the habitat of the species became severely arid. Due to complex topography and more suitable environments, glacial refugia became harbors for species in which to elude these adverse conditions. Identification of potential glacial refugia is significant to understanding the evolutionary history of species and for improvement of biodiversity conservation (Shen et al. 2002) . Refugia may be generally predicted as areas possessing high levels of genetic diversity, and may have as a distinct characteristic, the presence of ancestral and unique haplotypes that have disappeared from other populations (Petit et al. 2003) .
As mentioned, 2 potential glacial refugia were suggested by the present study. One was the Ili Valley, which included 5 populations (GL, XEH, NLK, TKS, YN). Examination of AMOVA showed that populations there possess high levels of genetic diversity (H = 0.7819 ± 0.0217, π = 0.002181 ± 0.001355). Additionally, we found the ancestral haplotype H3 present in the Ili valley (H3 in population YN). Also present are unique haplotypes (H6 in population GL and H7 in XEH) (Figure 1 ). SAMOVA divided these 5 populations into 2 independent groups (except for the adjacent population WQN) and indicated that these 5 populations are geographically heterogeneous compared with others. The Ili Valley is a biodiversity hotspot in northwestern China, and is located near the juncture between the northern and southern branches of the Tianshan Mountains. It receives moisture from westerly winds. The eastern areas of the valley are less influenced by the high barrier of the QTP and surrounding mountains (Meng et al. 2014) . A few arid piedmont grassland locations are supplied with water from snowmeltdominated streams (Ili River, Tekes River) and therefore relatively suited for the survival of A. frutescens . Thus, the valley was more humid during glaciation and plausible as a refugium. This result is in accordance with previous phylogeographic studies concerning Aconitum, Delphinium naviculare, and Helianthemum songaricum (Su et al. 2011; Zhang and Zhang 2012b; Jiang et al. 2014) .The other putative refugial area from our data is the north part of the Junggar Basin, with populations BRJ, YC, 181T, and HLHY. A high level of genetic diversity (H = 0.6632 ± 0.0949, π = 0.005695 ± 0.003177), one unique haplotype (H10), and widespread haplotypes (H8, H9) were also contained in this area (Figure 1 ). Due to its northern geographic position, this location is influenced by northerly and westerly winds and is of priority to received precipitation. This possible refugum is also identified by Zhang and Zhang 2012b) and Xie and Zhang (2013) .
Demography of A. frutescens in Pleistocene
Demographic analysis has been a common method used in phylogeographic studies, such as in Nolana crassulifolia and its congener N. incana, 2 typical desert shrubs distribute in the coastal Atacama Desert. The results of demographic analyses suggest that the northernmost population of these experienced recent contraction and the southern populations underwent recent expansion. A post-glacial range expansion from north to south (Southern Hemisphere) was speculated as due to climatic changes (Ossa et al. 2013 ). In our study area, in the early Pleistocene, when the global climate began to be cooler and drier, several episodes of rapid aridification occurred in the northwestern China (Williams 1993; Guo et al. 1999 ). The largest glacial period for the area was at 0.8-0.6 Ma, when sandy deserts and gobi (rocky deserts) expanded (Williams 1993; Shi et al. 2005) . During glaciations, species underwent range contraction as a result of climaterelated habitat changes (Salvi et al. 2014) , and once climate conditions had become more suitable during interglacial periods, the species were able to thrive and expand outwards (Su and Zhang 2013) .
Previous research has shown that plants in rapidly colonized regions generally possess low levels of genetic variation, such as large geographic areas mainly having a single haplotype (Hewitt 2000) . Thus, for the east and central areas, presence of single haplotypes (H1 for the east area and H2 for the central) is an indication that these underwent range expansion. Mismatch analysis showed group (2) and group (5) in the western region to have unimodal distributions, whereas for the species overall, the curve was multimodal (Figure 4) . The SDM showed that the present distribution of A. frutescens represents range colonization compared with the distribution in the LGM ( Figure 5 ). These results reveal that A. frutescens has undergone rapid expansion in some parts of its present distribution range. Phylogenetic network analysis shows that H3 is a primitive haplotype widely distributed in the study area. During glacial periods, most populations with this haplotype must have suffered severe conditions and contracted to refugia (the Ili valley and the northern Junggar Basin). We speculate that the present wide distribution of haplotype H3 likely resulted from its expansion from these refugia when the climate became warm during interglacial periods. Similar to the demographic pattern of H3, H8 also likely experience an outward expansion from the north part of the Junggar Basin along the edge of the Gurbantunggut desert.
As a drought-tolerant species, A. frutescens exists in relatively arid environments, such as desert margins. The development of aridification in northwestern China in the late Pleistocene resulted in the enlargement of deserts, which may in some cases have had the effect of forming broader appropriate habitats (edges of deserts and arid piedmont grassland locations) for expansion of the species (Ma et al. 2012b ). In addition, because the early Holocene, several warm and humid episodes have occurred in the region. Such humid periods would also have provided suitable climatic conditions for the facilitation of population expansion.
Conclusion
This study suggests the influence of paleogeologic and paleoclimatic events upon the genetic differentiation and demographic history of A. frutescens in the middle to late Pleistocene. From our study, we find that periodic cold and aridity during the Pleistocene glaciations resulted in strong expansion of deserts. Continuous restriction due to desertification may have acted as an effective stimulus causing population fragmentation and leading to intraspecific differentiation. The enlargement of the Gurbantunggut and Kumtag deserts isolated the western, central, and eastern parts of the species range, leading to discernible genetic divergence among plants of these regions. In addition, 2 potential glacial refugia, in the Ili valley and in northern parts of the Junggar Basin, are inferred because of the preservation of unique haplotypes and high levels of genetic diversity in the species in these locations. Mismatch and SDM analysis indicate that A. frutescens experienced rapid expansion in some parts of its distribution range in late Pleistocene. This work therefore provides an additional example explaining how periodic climate change and enlargement of deserts compelled genetic differentiation and affected demographic history during the Pleistocene. It will be of interest in the future to analysis the species in detail to explore whether it is a useful model for major arid species in northwestern China.
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